Introduction
One of the interesting aspects of performance evaluation analysis is dynamic benchmarking, namely temporal patterns in efficiency per se and/or as a component of productivity growth. In many cases, it this has been found as important as technical change in determining the evolution of productivity growth. One such example is in the case of Japan during the period 1979-1988 as illustrated in Fare et al. (1994) where changes in technical efficiency and the catching-up process was found to be the most important source of growth for aggregate labor productivity.
Some will argue, however, that the accuracy of such empirical findings may depend on how time-varying technical efficiency has been modeled. Usually a linear time trend is used to capture the time pattern of efficiency changes (e.g. Kumbhakar, 1990; Battese and Coelli, 1992; Cuesta, 2000) . This is a rather restrictive formulation of time-varying efficiency as its changes over time are given by a constant rate. That is, efficiency is either increasing or decreasing at a constant rate. It is also common to assume that the time pattern of technical efficiency is uniform for all producing units in the sample or the firms in the industry. Even though the assumption of a common temporal pattern is restrictive is not unreasonable for putty-clay type industries.
Flexible specifications have been proposed in the literature for modeling timevarying efficiency, such as those of Cornwell, Schmidt and Sickles (1990) , Kumbhakar (1990) , Lee and Schmidt (1993) , Lee (2006) , Karagiannis and Tzouvelekas (2007) and Schmidt (2007, 2013) . Among, them the Cornwell, Schmidt and Sickles (1990) (CSS) is still one of the more flexible specifications of temporal variation in efficiency, it is relatively easy to implement, and it easily accommodates settings in which technical inefficiency and the inputs or other regressors can be correlated. Although the specification used in the CSS analysis allows for firm-specific patterns of time-varying efficiency that can change through time by means of a quadratic function of a time trend, such a specification was chosen for purposes of illustration and due to erratic behavior of third order terms. Much more general mixed types of so called "environmental" variables can also be controlled with the CSS model such as additive effects that impact the slope coefficients of the "environmental" variables. In these specifications of the CSS estimator the "environmental" variables impact the frontier as well as the level of efficiency, unlike most two step models wherein there is separability between the frontier and efficiencies of the cross-section units, such as firms (Wang, 2002; Wang and Schmidt, 2002; Simar and Wilson, 2007) .
The aim of this paper is to generalize the CSS time-varying specification to allow for more erratic patterns of temporal changes, which in turn will allow for more than one turning point. In the next section we briefly discuss the general productivity model we employ and decompositions into technology and efficiency change that can be made with it. We then briefly outline the CSS estimator that has been used in many applications to measure such important aspects of economic growth and point out it generality in addressing environmental effects, an attribute of the estimator that has apparently been missed by many researchers. Section 3 specifies a spline function set up while keeping CSS's flexibility in the cross-section dimension. The generalization puts more emphasis on firm heterogeneity in terms of growth rates rather than level differences in efficiency. The spline function specification of the temporal pattern of technical efficiency can also be non-monotonic due to periods in which firms may face radical regulation or policy changes as well as shocks related to changes in ownership/organization (e.g., merger or acquisitions). Section 4 discusses the banking data and the empirical results from the illustration we use to introduce the new estimator, while section 5 concludes.
Econometric Specification of the Productivity Model and the CSS Estimator
Regression based approaches to decompose productivity growth into technical change and efficiency change components can be based on a rather straightforward generic model of production using a multiple output / multiple input technology specified using the output distance function (Caves, Christensen and Diewert, 1982; Coelli and Perelman, 1999 
The output-distance function is non-decreasing, linear homogeneous in outputs, convex in Y and non-increasing and quasi-convex in X. The functional form utilized in most aggregate productivity studies is the CobbDouglas specification of the distance function (Klein, 1953) . This was the functional form chosen in the model averaging exercise to assess world productivity growth reported in Sickles (2013) . It has been criticized for its assumption of separability of outputs and inputs and for incorrect curvature as the production possibility frontier for multiple output technologies is convex instead of concave. However, as pointed out by Coelli (2000) , the Cobb-Douglas remains a reasonable and parsimonious first- (Bai, Kao, and Ng, 2009) , which are often identified by nonlinear specifications of time varying inefficiency used in the models of Battese and Coelli (1992) and Lee and Schmidt (1993) . Other types of restrictions can be employed, such as the orthogonality conditions utilized in the Cornwell, Schmidt, and Sickles (1990) estimator we extend in our analysis using cubic splines.
The Cornwell Three different estimators can be derived based on differing assumptions made in regard to the correlation of the efficiency effects and the regressors, specifically, the correlation between the error term u, and regressors X and W. These are the within and gls, which we employ in this paper, and the efficient IV estimator.
Details on the efficient IV estimator can be found in the CSS paper. We briefly discuss below the within and gls estimators, which we will modify using the spline extensions in the following section.
The within estimator allows for correlation between all of the regressors and the effects. Let
The gls estimator is consistent when no correlation exists between the technical efficiency term and the regressors, as in Pitt and Lee (1981) , Schmidt and Sickles (1984) and many others that utilize this standard random effects assumption. The variance of the composed error is given by 2 cov( ) ( ) . 
The Diewert-Wales (1992) quadratic spline function can be incorporated into the CSS specification in order to obtain a flexible and parsimonious specification of the temporal pattern of technical efficiency, allowing more than one turning point.
This specification allows for firm-specific patterns of temporal variation of technical efficiency and captures effects not visible in those models that assume a common pattern of technical efficiency. In addition, we can test (i) for the existence of a common temporal pattern for all firms in the sample as well as (ii) the hypothesis of time-varying technical efficiency for all or some of the firms in the sample.
Another aspect of specification's flexibility involves monotonicity over time.
In many previous specifications (e.g., Battese and Coelli, 1992; Cuesta, 2000) , the effect of the passage of time on technical inefficiency is necessarily monotonic and thus may be either efficiency-enhancing or efficiency-impeding, but not both. Others, such as Lee and Schmidt (1993) and Lee (2006) allow for more general patterns. We consider below the quadratic spline as a special case of restricted least squares and thus once the number of knots is set (or tested for sequentially) a general spline estimator can be specified (Buse and Lim, 1977) . Depending on the number of break points, which may be determined by either prior information regarding the sector under consideration (Bottasso and Conti, 2009) or by the process suggested by Fox (1998), the time pattern can be rather flexible, curved or monotonic. The latter two options can be tested statistically as nested model specifications.
2 Firm-specific relative efficiencies can be identified along with the overall growth in innovation that diffuses to all firms for the gls estimator. Under appropriate orthogonality assumptions, a similar term can be identified for the Hausman-Taylor type efficient IV estimator. Thus for these two estimators total factor productivity can be decomposed into innovation and efficiency change. Such a decomposition is not possible for the CSS within estimator as the technical change term is not identified after the within transformation.
Spline Model Specification
The spline extension of the CSS model can be introduced by assuming a single
in the inefficiency level of firm i. An extension to a model with multiple time breaks is straightforward and is discussed below. Following Diewert and Wales (1992), the inefficiency function of the CSS model can be represented by a quadratic spline function as follows:
Here the superscripts on the quadric term parameters relate to the periods before and after the time break point 1 t .
The above can be rewritten as t . The continuity feature is crucial here, as it allows for a smooth transition from one state to another (no jumps).
In order to proceed with the estimation of the CSS model with the quadratic spline specification, let first the matrix of time regressors to be denoted as follows: 
) ( β and the concentrated sum of squared errors, which is a function of the observed data and time, is given by: Hansen (1999) . The sequential estimation of the threshold parameters is consistent and is more than necessary especially when the time period under consideration is long. A drawback of the sequential estimation method is that it yields asymptotically efficient estimates only for the last time break in the estimation process. The previous estimates are contaminated by the presence of the neglected time breaks. We follow Bai (1997) and utilize a refinement estimation of the time breaks parameters, which amounts to re-estimating the time break parameters backwards, each time holding the estimates of the previous time breaks fixed.
It is important to test whether the time break is statistically significant or not. 
Data and Empirical Results
In this section we provide empirical evidence on a comparison between the two specifications of the CSS model based on the second-order polynomial and based on the spline function using a rather homogenous and balanced sample of large (too-big- The analysis is based on the Sealey and Lindley (1977) intermediation approach according to which banks are viewed as financial intermediates that collect deposits and other funds to transform them into loanable funds by using capital and labor. In this case, deposits are viewed as inputs instead of outputs as in the production approach. We consider five outputs, namely real estate loans, commercial and industrial loans, loans to individuals, securities and off-balance sheet items. On the input side we have capital, labor, and interest-bearing deposits in total nontransaction accounts and purchased funds. Descriptive statistics for all model variables are given in Table 1 .
We estimate the proposed spline specification of the CSS model using both the within and the gls estimator as with the latter we can separate the effect of technical change from that of changes in technical efficiency even though both are modeled by time trend; this is an important aspect in the productivity decomposition analysis. We have also tried the Hausman-Taylor estimator in the case where some of the explanatory variables are not orthogonal with the "effects" capturing unobserved heterogeneity. Based on the Hausman-Wu test we have no evidence of simultaneity bias and thus the gls estimator fits better with the data at hand. In addition and for comparison purposes we also estimate the conventional version (i.e., second-order polynomial) of the CSS model. The results are presented in Tables 1 and 2. Estimation the proposed spline specification of the CSS involves both the determination of the unknown time breaks as well as the values of the structural model parameters. For this purpose, the proposed model is estimated by minimizing the concentrated sum of squared residuals using a grid search over possible time periods to determine in the first place the time breaks, as in Almanidis (2013), and then estimate the values of the structural parameters. In the estimation it is assumed that the timing of the breaks is the same for all banks but this does not necessarily mean that each bank will experience the break. This is apparent from the fact that efficiency is firm-specific in the CSS model. The estimated parameters of the model are presented in Table 2 . Returns to scale are estimated on average to be decreasing while the positive sign of the time trend in the GLS model implies that technical change was progressive.
The estimated average efficiency is smaller with the spline specification than with the conventional specification of the CSS model. In particular, the average technical efficiency from the spline sphecification is around 64% for both within and the GLS model while the corresponding figure for the conventional specification is at 70%. Besides that, there is no important differences in the cross sectional distribution of efficiency scores. There are however significant differences in the temporal pattern of efficiency scores. 
5.
Concluding Remarks
In this paper we present a specification of the CSS (1990) model that allows for more erratic patters of temporal changes in technical efficiency. The model is based on a second order spline function which can accommodate more than one turning point over time. This non-monotonic temporal pattern depicts in a much more flexible way firm heterogeneity in terms of growth rates and it is particularly suitable for analyzing efficiency changes during periods of regulation or policy changes. We estimate such a model using a translog output distance function for a sample of large (too-big-tofail) US banks using a semi-parametric approach and a grid search algorithm. We 
